Msh2 is a key mammalian DNA mismatch repair (MMR) gene and mutations or deficiencies in mammalian Msh2 gene result in microsatellite instability (MSI þ ) and the development of cancer. Here, we report that primary mouse embryonic fibroblasts (MEFs) deficient in the murine MMR gene Msh2 (Msh2
) showed a significant increase in chromosome aneuploidy, centrosome amplification, and defective mitotic spindle organization and unequal chromosome segregation. Although Msh2 À/À mouse tissues or primary MEFs had no apparent change in telomerase activity, telomere length, or recombination at telomeres, Msh2 À/À MEFs showed an increase in chromosome end-to-end fusions or chromosome ends without detectable telomeric DNA. These data suggest that MSH2 helps to maintain genomic stability through the regulation of the centrosome and normal telomere capping in vivo and that defects in MMR can contribute to oncogenesis through multiple pathways. Keywords: mismatch repair; centrosome amplification; telomere capping; chromosomal abnormalities Mutations or deficiency of MMR genes have been linked to the development of cancers. Human patients inherit a heterozygous mutation in one of the MMR genes, most commonly hMSH2 or hMLH1, develop the human cancer syndrome Hereditary NonPolyposis Colorectal Cancer (HNPCC) (reviewed in Buermeyer et al. (1999) ). Mice completely deficient in one of the MMR genes, namely Msh2, Mlh1, or Msh6, most commonly develop early onset thymic lymphomas (de Wind et al., 1995; Reitmair et al., 1995; Edelmann et al., 1997; Prolla et al., 1998) . MSH2 is the key MMR protein that initiates the recognition of a base mispair and the subsequent recruitment of additional MMR proteins to complete the repair process (reviewed in Buermeyer et al. (1999) ). MMR proteins also have roles in cell cycle arrest, cell signaling, apoptosis and the prevention of homeologous recombination (reviewed in Bellacosa (2001) ). In this study, we have used isogenic wild type and Msh2 À/À mouse tissues and cells to assess possible roles of MMR in mammalian telomere maintenance, centrosome fidelity, and thus chromosomal stability.
We examined the possible role of MMR in maintaining chromosomal stability by performing standard Giemsa-staining of wild type and Msh2 À/À primary MEFs and scoring for chromosome copy number changes (both chromosomal gains and losses). In all, 12/40 (30%) wild-type metaphases, in contrast to 35/44 (79.5%) of Msh2 À/À metaphases, showed chromosomal number changes ( Figure 1 , Table 1 ). The majority of wild-type MEFs retained normal chromosome counts (40, or 80 if cell division has not yet occurred), however, Msh2 À/À MEFs had chromosomal counts that range from 27 to 83 chromosomes ( Figure 1d ). While most chromosomal aberrations seen were in the form of numerical changes, at least one Msh2 À/À metaphase showed extensive levels of chromatid type breaks and aberrations ( Figure 1c ). This observation was also confirmed by telomeric FISH of Msh2 À/À metaphase spreads (see details below). Our results demonstrate that MMR is critical in maintaining chromosomal stability and loss of MMR function leads to chromosomal abnormalities, mainly chromosome aneuploidy, in primary MEFs.
The observation of a high incidence of chromosome aneuploidy in primary Msh2 À/À MEFs led us to examine centrosome numbers in these cells, because aberrations in the number of centrosomes almost inevitably cause chromosome mis-segregation and thus aneuploidy (reviewed in Doxsey et al. (2005) , Nigg (2002) , Saunders (2005) ). To examine centrosome numbers in primary Msh2 À/À MEFs, we stained wild-type and Msh2 À/À MEFs with an antibody against the g-tubulin component of the centrosome. The majority (88%) of wild-type cells displayed a normal distribution of 1-2 centrosomes per cell; in contrast, only 66% of Msh2 À/À cells had normal numbers of centrosomes ( Figure 2a , Table 2 ). We observed frequent amplification of centrosomes in Msh2 À/À cells. In all, 34% of Msh2 À/À cells showed centrosome amplification (>2 centrosomes), with 11% of cells having multiple centrosomes (nX5). This is significantly different than wild-type cells in which only 12% of cells had more than two centrosomes (Po0.0001).
We next examined if centrosome amplification in Msh2 À/À MEFs can lead to defective mitotic spindle organization and unequal chromosome segregation in mitosis. Using double immunostaining with g-and atubulin antibodies, we observed multiple centrosomes associated with multiple spindle poles and misaligned chromosomes in primary Msh2 À/À MEFs ( Figure 2b ). This result demonstrates that multiple centrosomes persist through interphase to mitosis and lead to multiple spindle poles, causing mis-segregation of chromosomes and thus chromosomal aneuploidy in Msh2 À/À MEFs. Centrosomes are critical in maintaining proper chromosome segregation during mitosis and centrosome aberrations have been implicated in the development of tumor aneuploidy (reviewed in Doxsey et al. (2005) , Nigg (2002) , Saunders (2005) ). Ghadimi et al. (2000) reported the existence of centrosome amplification in aneuploid but not in diploid human MMR deficient colorectal cancer cell lines, however, the molecular mechanism that led to this phenotype is not clear. Here, we demonstrate that loss of MMR function, specifically the MSH2 function, can lead to abnormal numbers of centrosomes accompanied by a high incidence of chromosomal aneuploidy in mice. Our data suggest that defects in MSH2 function could lead to centrosome amplification, likely one of the major mechanisms leading to the chromosomal instability observed in the Msh2 deficient MEFs and possibly in human cancers. Our finding implies a novel role for the MMR proteins in the fidelity of the centrosome and thus genomic stability. The observation from primary isogenic MEFs suggests that the role of MMR proteins in centrosome instability may be an early event in genome instability leading to tumorigenesis.
Telomeres are the chromosome end structures essential in protecting chromosome ends from rearrangement. Loss of telomere protection at chromosome ends leads to chromosome end-to-end fusions, subsequently chromosome fusion-breakage cycles in cell divisions and eventually genomic instability (reviewed in Artandi and DePinho (2000) , Greider (1998) ). In the event that increased chromosome abnormalities in MMR deficient mice may be due to telomere dysfunction, we examined the status of telomeres in MMR deficient mice.
Chromosome end-to-end fusions and ends without detectable telomeric DNA (also referred as telomere signal free ends or SFEs) are signatures of telomere dysfunction. We examined frequencies of these events in primary Msh2
À/À MEFs. When compared to wild-type 
MEFs, Msh2
À/À MEFs showed a slight increase in chromosome end-to-end fusions (6.5% Msh2 À/À metaphases vs 3% wild-type metaphases) and telomere signal-free-ends in Msh2 Table 3 ). These results demonstrate that MMR deficient cells have slight telomere capping defects.
Telomerase and telomere length is essential in maintaining telomere integrity (reviewed in Greider (1998) (Kim and Wu, 1997) . No difference in relative telomere signal intensities and telomerase activity was observed in these samples (Figure 3b-d) . Our data suggest that MSH2 does not play a major role in telomere length and telomerase regulation in vivo and end-to-end fusions in Msh2 À/À mouse cells are unlikely the result of apparently normal telomere length or telomerase activity.
All the chromosome end-to-end fusions in Msh2
MEFs showed detectable telomeric DNA signals at the fusion points. Therefore, end-to-end fusions in Msh2
MEFs are unlikely cause by telomere signal free ends but likely through other mechanisms that may affect telomere capping. For example, a loss of MMR may reduce the inhibition of recombination to a level that permits fusion events. Alternatively, an increased mutation frequency in telomere sequence may occur in Msh2 deficiency and thus compromise telomere function. Pickett et al. (2004) report a correlation between MSI þ and telomere sequence mutations, suggesting that an increased mutation frequency from loss of MMR function leads to telomere mutations. Increased mutational load at telomeres may alter telomere sequence to a degree that telomerase and telomere-binding or associated proteins may have altered binding affinities to telomeres (de Lange, 2002) , leading to consequent change in telomere integrity. It is worthy to point out that low frequencies of fusion events can lead to the fusion-breakage-fusion cycles during cell proliferation and thus contribute to genomic instability (Artandi and DePinho, 2000) to a certain degree, but are unlikely the cause of the high incidence of chromosome aneuploidy observed in the Msh2 À/À MEFs. MMR proteins play a role in the prevention of homeologous recombination and loss of antirecombination activity of MMR proteins may thus promote telomere recombination, which, in turn, could affect telomere integrity. To examine the frequencies of telomeric recombination through telomere sister-chromatid exchanges (T-SCEs), we performed Strandspecific Chromosome Orientation-FISH (CO-FISH) Table 4 ). Thus Msh2 À/À MEFs has a similar low rate of T-SCEs as wild type MEFs. This result suggests that MMR deficiency does not affect telomeric recombination through telomere sister-chromatid exchanges.
Previous reports have indicated that MMR deficiency may help cells to overcome cellular crisis caused by dysfunctional telomeres through telomeric recombination in telomerase deficient yeast or mammalian cells (Rizki and Lundblad, 2001; Bechter et al., 2004) . The primary Msh2 À/À MEFs have normal telomere length and are telomerase proficient. It is thus possible that MMR might affect T-SCE or telomere length maintenance only when telomeres become critically short and/or during cellular immortalization in telomerase deficient cells. Future analysis of MMR deficiency in mice with both telomerase and telomere dysfunction may help us to determine the role of MMR in telomerase-independent telomere length maintenance in mammals. The majority of tumors are characterized by genomic instability; either chromosomal instability or microsatellite instability. Both centrosomes and telomeres are essential in preserving genomic stability. Msh2 is a key mammalian MMR gene and mutations at Msh2 gene contributes to MSI þ and is associated with the human cancer syndrome HNPCC. Here, we represent the first characterization of a novel role of Msh2 gene in maintaining chromosome stability, through regulating centrosome fidelity and telomere function in the Msh2 deficient mice. These findings suggest that defects in MMR can contribute to oncogenesis through multiple pathways including centrosome amplification, telomere capping defects and chromosomal abnormalities. Moreover, the use of isogenic nontumor cells for these experiments demonstrates the importance of MMR in early instabilities that ultimately lead to tumorigenesis. 
